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ABSTRACT

There is evidence that manganese (Mn) metabolism may be
altered by the form and amount of dietary fat. Also, iron (Fe) absorp-
tion is greater with saturated fats, as compared to polyunsaturated
fatty acids (PUFAs). The absorption of Fe and Mn are interrelated in
many aspects; therefore, the form of dietary fat may indirectly alter Mn
absorption. The reported studies were conducted to determine
whether saturated fat, as compared to unsaturated fat, affected Mn
absorption, retention, and metabolism. In experiment I, adult rats were
fed diets containing either 0.7 or 100.4 µg/g Mn with the fat source as
high-linoleic safflower oil or stearic acid. After 2 wk of equilibration,
the animals were fed a test meal of 54Mn followed by whole-body
counting for 10 d. Manganese absorption was significantly (p < 0.05)
lower in the stearic acid group (0.9–4.8%) than in the safflower oil
group (20–33.8%); however, the biological half-life was shorter in the
safflower oil group. Retention of 54Mn and total Mn was always signif-
icantly (p < 0.05) greater in the safflower oil group when dietary Mn
was low, but it was the same when dietary Mn was high. In experiment
II, weanling rats were fed 1.3, 39.3, or 174.6 µg Mn/g and either
stearate, high-oleic safflower oil or high-linoleic safflower oil for 8 wk.
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Long-term feeding of the stearate and low Mn-containing diet resulted
in a significant (p < 0.0001) reduction in heart superoxide dismutase
activity and kidney and liver Mn concentrations compared to the other
diets. These data show that stearic acid inhibitits Mn absorption, but it
may not inhibit Mn retention when dietary Mn is high.

Index Entries: Iron; manganese; fat; saturated fat; PUFA; saf-
flower oil; stearic acid; rat.

INTRODUCTION

Manganese (Mn) is an essential element (1) and Mn deficiency causes
severe problems in animals. Also, manganese is toxic when ingested in
excessive amounts (2); therefore, it is essential that Mn retention be regu-
lated. This is accomplished by variable absorption and excretion (3).

Manganese absorption may be influenced by several dietary factors
(3,4), including calcium (Ca) (5), potassium (P) (6), nickel (Ni) (7), and the
source of dietary carbohydrates (8) and protein (9,10). Dietary iron (Fe) has
the greatest effect on Mn absorption (3,4,11–13). Iron status also affects Mn
absorption; Mn absorption was negatively associated with serum ferritin
concentrations of healthy young women fed 3–5 mg Mn/d (14). Subse-
quently, healthy women with low serum ferritin concentrations were
found to absorb more Mn than women with high serum ferritin concen-
trations (15), and serum ferritin concentrations were associated more with
the percentage of Mn absorption than with dietary Mn. This interaction
may occur because Mn may be absorbed by the same mechanism as Fe;
thus, factors that influence Fe absorption may indirectly affect Mn absorp-
tion. Iron absorption is affected by the type of dietary fat; saturated fats
such as stearate (as compared to unsaturated fats such as safflower oil)
enhance Fe absorption (16,17), which suggests that dietary fat also may
affect Mn absorption.

Manganese is involved in cholesterol metabolism, and Mn deficiency
may result in metabolic perturbations of cholesterol metabolism. Studies
of Mn effects on cholesterol metabolism suggest that dietary fat may influ-
ence Mn absorption and/or retention also (18,19). Based on these reports
and on studies showing an interaction between Fe and Mn absorption and
between dietary fat and Fe absorption, the objective of the present investi-
gation was to determine the effect of diets enriched in saturated fat
(stearate) or polyunsaturated fat (PUFA; safflower oil) on Mn absorption,
tissue distribution and retention, and biochemical measures.

MATERIALS AND METHODS

Experimental design

Experiment I was a 2 × 2 factorial design with diets that supplied 1.3
or 100.4 µg Mn/g diet and contained either stearate (as the free fatty acid)
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or high-linoleic safflower oil (73% 18:2 [n-6] as the glycerol ester) as the fat
source. Thirty-two rats were fed an equilibration diet for 2 wk and then
allocated to four diets in a manner that equalized weights. On the same
day that they were assigned to the diets, the rats consumed a test meal
(dietary composition identical to their dietary treatment) that was labeled
with carrier-free 54Mn. Rats were placed in metabolic cages for complete
urine and fecal collections and were counted daily for whole-body radia-
tion for 10 d. Rats were killed and tissues collected on the d 10.

Experiment II was a 3 × 3 factorial design with diets that supplied low,
adequate, or high concentrations of Mn (by analysis, 1.3-, 39.3-, or 174.6 µg
Mn/g diet, respectively) and three types of dietary fat (stearate, high-oleic
safflower oil [70% 18 : 1 {n-9} as the glycerol ester], and high-linoleic saf-
flower oil). Six rats were fed each of these nine diets for 8 wk.

Animals and Diets

Both studies used male, Sprague–Dawley rats (Sasco, Omaha, NE).
Experiment I used 100-g rats and experiment II used weanling rats (58±4
g). In both experiments, rats were housed individually in stainless-steel
wire-bottomed cages in a room with controlled temperature and light.
They were provided free access to demineralized water and purified diet.

In experiment I, the equilibration diet was based on the AIN-76 diet
and contained 35 µg Fe/g diet and 10 µg Mn/g diet (analyzed value, 11.4
µg Mn/g diet). Fat was 12% of the diet and was composed of 50% high-
linoleic safflower oil and 50% stearate. After 2 wk on the equilibration diet,
animals were randomly assigned to one of four dietary treatments, all
based on the AIN-76 diet: (1) basal Mn (1.3 µg Mn/g diet by analysis) and
12% stearate; (2) 100 µg Mn/g diet (100.4 µg Mn/g diet by analysis) and
12% stearate; (3) basal Mn (1.6 µg Mn/g diet by analysis) and 12% saf-
flower oil; (4) 100 µg Mn diet (97.4 µg Mn/g diet by analysis) and 12% saf-
flower oil. All diets contained 35 µg Fe/g diet. Diets were prepared similar
to Johnson et al. (16), except 2% safflower oil was not included in the
stearic acid diet. Stearic acid was added as the free fatty acid, which is a
solid at room temperature (Pfalz and Bauer, Waterbury, CT). High-linoleic-
acid safflower oil is a liquid composed of glycerol esters of the fatty acids
(U.S. Biochemical, Cleveland, OH).

In experiment II, the experimental diets were all based on the AIN-76
diet with 12% of the diet from fat. The stearate-containing diets contained
10% stearate and 2% high-linoleic safflower oil to supply essential fatty
acids. High-oleic safflower oil was purchased from California Fats and
Oils (Richmond, CA).

Test Meal and Whole-Body Counting

The test meal was 3 g of the treatment diet labeled with 110 kBq 54Mn.
Whole-body counts (WBC) of retained 54Mn were measured with a cus-
tom-built small-animal whole-body counter equipped with two NaI detec-
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tors and a ND62 multichannel analyzer (Nuclear Data Instrumentation,
Schaumberg, IL) set at 2048 channels and calibrated with 32Na. Radioac-
tivity of 54Mn was measured between 700 and 890 keV. The measured
radioactivity was corrected for background and decay. The absorption of
54Mn was calculated by extrapolating the linear portion of a plot of ln(per-
centage of retention) versus time from d 4 to d 9 after isotope administra-
tion. Excretion rates were expressed as the biological half-life (BH), where
BH = –(ln 2)/slope; the slope in this equation is the slope of the linear por-
tion of the semilogarithmic plot of retention versus time.

Radioactivity in tissues, blood samples, and feces was measured in a
gamma well counter equipped with a ND62 multichannel analyzer
(Cobra-II Auto Gamma, Packard, Canberra). Tissue retention of 54Mn was
expressed as nanograms of Mn from a test meal, which was calculated
from the 54Mn in a tissue and the specific activity of Mn in the test meal.

Laboratory Analysis

Lyophilized tissues and diets were ashed with a nitric acid/hydro-
gen peroxide digestion. Mn was determined by atomic absorption spec-
trometry with bovine liver as the control (National Bureau of Standards).
The certified value for Mn in bovine liver is 9.9 ± 0.8 µg/g; we found 10.3
± 0.3 µg/g.

Plasma and high-density lipoprotein (HDL) cholesterol, triglyceride,
and glucose concentrations were determined by using a Cobas Fara auto-
mated analyzer (Hoffman La Roche, Nutley, NJ). Heart and liver superox-
ide dismutase activities (experiment II) were determined by the inhibition
of pyrogallol auto-oxidation; 0.1 mmol/L KCN was added to the reaction
mixture to inhibit copper–zinc superoxide dismutase activity. One unit of
superoxide dismutase (SOD) activity was defined as the amount of
enzyme needed to obtain 50% inhibition of pyrogallol auto-oxidation.

Statistics

Data were analyzed as a 2 × 2 factorial that tested for fat source,
dietary Mn, and the interaction of fat and Mn by using a SAS general lin-
ear model program (20). Absorption and biological half-life were trans-
formed to the natural log before statistical analysis. Tukey’s contrasts
were used to differentiate among means for variables that had a signifi-
cant (p < 0.05) effect of treatment (21).

RESULTS

Food Intake and Weight Gain

Dietary treatments did not affect the final weight of animals in either
experiment. Food intake in experiment I was affected by the fat source
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(p < 0.0006), and animals fed stearate consumed more diet (19.7 g/d) than
animals fed high-linoleic safflower oil (16.8 g/d).

Absorption and Biological Half-life

There was a significant Mn and fat interaction (p < 0.02) for percent
absorption in experiment I (Table 1). This occurred because, overall, more
Mn was absorbed when high-linoleic safflower oil was the fat source
(0.88–4.76% for stearate and 20.1–33.8% for high-linoleic safflower oil;
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Table 1
The Effect of Dietary Fat Type and Mn Concentration on the Absorption

of 54Mn by Rats in Experiment I

1 Values are means±SEM; n = 8. Dietary Mn notation is as follows: Low = 1.3 mg
Mn/kg diet and High = 100.4 mg Mn/kg diet.

2 Means in a column with different superscripts are significantly different (p >
0.05) as determined by Tukey’s contrasts. NS = not significant.

3 Absorption (%), In(mean)±SEM; mean and range of –1 to +1 SEM back-trans-
formed from In values are indicated in parentheses.

4 Biological half-life (d), In(mean)±SEM; Mean and range of –1 to +1 SEM back-
transformed from In values are indicated in parentheses.



range of mean ± 1 SE), but high dietary Mn only decreased Mn absorption
when stearate was the fat source.

The slope of the WBC curve for the first 4 d is reflective of initial gut
turnover. It was more negative (Table 1) when stearate was the fat source
(–0.74 and –1.09 for high-linoleic safflower oil and stearate, respectively)
and when high dietary Mn was fed (–0.74 and –1.10 for low and high Mn,
respectively). The biological half-life (reflective of long-term Mn turnover)
was significantly greater when stearate was the fat source (mean of 5.9 d
and 2.4 d for stearate and high-linoleic safflower oil, respectively) and
when rats were fed low Mn (mean of 6.0 d and 2.3 d for animals fed low
and high Mn, respectively).

Chemical Determination of Fe and Mn Apparent Absorption

Manganese absorption, as determined by chemical balance (Fig. 1),
was similar to absorption determined by whole-body scintillation count-
ing. More Mn was absorbed when high-linoleic safflower oil was the
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Fig. 1. Apparent absorption of manganese (A) and iron (B) determined by
chemical balance in rats fed diets containing low or high manganese and stearate
or high-linoleic safflower oil. Values are means ±SEM; n = 8.



dietary fat source (p < 0.0001) and less Mn tended (p < 0.08) to be absorbed
when dietary Mn concentrations were high (as compared to low dietary
Mn). Iron absorption was 3–5% greater (p < 0.04) when dietary Mn was
low than when it was high.

Mn Distribution

Experiment I. There was a significant dietary Mn and fat interaction
that affected the distribution of 54Mn in every tissue (Table 2). On average,
more Mn from the test meal was retained in the tissues and organs of rats
fed high-linoleic safflower oil than those fed stearate. Also, more Mn was
retained when high dietary Mn was fed (as compared to low dietary Mn).
However, when dietary Mn was high, Mn retention was not significantly
different between animals fed stearate and animals fed high-linoleic saf-
flower oil.

High dietary Mn increased total Mn in the heart (p = 0.0006) and
spleen (p = 0.0001) (Table 3). Total Mn concentration in erythrocytes was
significantly increased in rats fed high-linoleic safflower oil (p = 0.002).
When dietary Mn was low, Mn concentrations in the kidney and liver were
depressed by stearate (depression of 16% and 33% in kidney and liver,
respectively). When the diet was high in Mn, the fat type did not affect kid-
ney Mn concentrations (p > 0.05), and liver Mn concentrations were ele-
vated in the stearate-fed animals (significant interaction between dietary
Mn and fat; p = 0.005, kidney; p = 0.0001, liver).

Experiment II. Maganese SOD activity in the hearts and livers of ani-
mals in experiment II changed in response to dietary Mn concentration
and fat source (p < 0.0001). Animals fed low dietary Mn had a 25% and
33% reduction in heart and liver MnSOD activities, respectively, compared
to animals fed either medium or high dietary Mn. Both activities were sig-
nificantly different depending on the fat source, with animals fed high-
linoleic safflower oil showing the highest heart and liver MnSOD
activities, followed by animals fed high-oleic safflower oil; animals fed
stearate diets had the lowest activities. Similar to experiment I, there was
a Mn and fat interaction that affected kidney Mn (p = 0.005) and liver Mn
(p = 0.0001). Manganese concentrations were depressed when animals
were fed low dietary Mn in conjunction with stearate, as compared to the
other fat sources. Femur Mn was also lower (p < 0.0001) when animals
were fed low dietary Mn rather than medium or high dietary Mn, and
when they were fed stearate rather than high-oleic or high-linoleic saf-
flower oil.

Fe Status

There were no significant effects (p > 0.05) of fat type or dietary Mn
on any measures of Fe status (hematocrit, hemoglobin, spleen or liver
iron concentrations) in experiment I, although liver Fe concentrations
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tended to be higher in the stearic acid group. In contrast, long-term feed-
ing of diets (Table 5) high in dietary Mn (compared to low dietary Mn)
depressed liver and kidney Fe (p < 0.04). Animals consuming stearate
had higher hemoglobin, liver iron, and kidney iron concentrations (p <
0.04) than animals fed diets rich in oleic or linoleic acids. An interaction
between dietary Mn and fat affected femur Fe (p = 0.02) because Fe con-
centrations changed in response to dietary fat only when dietary Mn was
low.

Cholesterol, Triglyceride, and Glucose Concentrations.

There were no interactions between Mn and fat that affected blood
indices of lipid or glucose metabolism. Animals fed low dietary Mn had
lower HDL cholesterol (p < 0.0001) than animals fed medium or high
dietary Mn and lower total plasma cholesterol (p < 0.007) than animals fed
high dietary Mn. Animals fed high dietary Mn tended to have lower glu-
cose concentrations (p < 0.07) than animals fed low or medium dietary Mn.
Animals fed the diets containing stearate had higher triglycerides (p <
0.0001) than animals fed the oleic-acid or linoleic-acid-containing diets and
higher plasma cholesterol (p < 0.02) than animals fed the linoleic-acid-con-
taining diets.
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Table 3
Effect of Dietary Fat Type and Mn Concentration on the Concentration of Mn in

Rat Tissues in Experiment I

1 Values are means±SEM; n = 8 for all Mn × fat cells except for high Mn, linoleic, liver (n =
6); low Mn stearate, spleen (n = 7); high Mn, linoleic, spleen (n = 4). Dietary Mn notation is as fol-
lows: Low = 1.3 mg Mn/kg diet and High = 100.4 mg Mn/kg diet.

2 Means in a column with different superscripts are significantly different (p < 0.05) as deter-
mined by Tukey’s contrasts.
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DISCUSSION

Previous studies have hinted at an inverse relationship between the
amount of unsaturated fat in the diet and the status of Mn and other nutri-
tionally important metals. Lukaski and Johnson (22) reviewed the effects
of dietary fat on mineral metabolism and concluded that the increased
PUFA content of a diet may depress zinc (Zn) and copper (Cu) status.
Johnson et al. (19) demonstrated that Mn excretion in human feces
increased when the total dietary fat was increased and the ratio PUFA :
mono-saturated and saturated fats was decreased. Malecki et al. (23) fed
rats different amounts of corn oil and found no effect on biliary excretion
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Table 6
Effect of Dietary Fat Type and Mn Concentration on Cholesterol,

Triglyceride, and Glucose Concentrations in Experiment II

1 Values are mean±SEM; n = 6. Dietary Mn notation is as follows: Low = 1.3 mg
Mn/kg diet and High = 100.4 mg Mn/kg diet.

2 Means in a column with different superscripts are significantly different (p <
0.05) as determined by Tukey’s contrasts. NS=not significant.



of Mn. However, rats fed 20%, as compared to 5%, corn oil had slightly
increased Mn concentrations in the liver and pancreas (24). Davis and
Greger (25) showed that women in the lowest quintile of fat intake had sig-
nificantly less lymphocyte MnSOD activity and lower serum Mn concen-
trations than women in the other four quintiles. As previously reviewed,
Fe has a large influence on Mn absorption, and Fe absorption is improved
by saturated fats (3,4,16,17), which also suggests that the fat type may
affect Mn absorption.

The design of the present studies allowed us to assess the effect of the
fat source on Mn absorption in animals that had not adapted to their diet,
as well as in animals that had equilibrated with their diet. Experiment I fed
the radioactively labeled test meal simultaneous with beginning dietary
treatments. The guts of these animals were not adapted to their diets;
therefore, the observed differences were a result of dietary conditions
alone. Rats used in Experiment II were fed diets for 8 wk before they were
killed and measurements were made; thus, these animals had sufficient
time to adapt to their diet and any differences were a result of dietary con-
ditions as well as differences in metabolism.

Both experiments clearly demonstrate that the form of dietary fat diet
affects Mn absorption, retention and distribution. However, the effect of
dietary fat type on Mn absorption and retention measures were opposite
to those previously reported for Fe. Diets enriched in saturated fats have
been reported to enhance Fe absorption (16,17), but the present results
show Mn absorption to be decreased by saturated fats.

Similar to other reports (14,15), changes in Mn absorption were offset
by reciprocal changes in the biological half-life of Mn in most tissues and
organs. Consequently, for rats fed high dietary Mn diets enriched in
linoleic acid resulted in a 24-fold increase in absorption of Mn from the test
meal, relative to animals fed diets enriched in stearic acid. However, in the
same rats, the retention of Mn from the test meal after 10 d was not signif-
icantly affected by the form of dietary fat. Animals fed diets for 8 wk
(Experiment II) did show a small, but significant, increase in MnSOD
activity in the hearts and livers of animals fed high dietary Mn and high-
linoleic safflower oil (as compared to high-Mn stearate-fed animals),
whereas concentrations of Mn in the femur, kidney, and liver were not sig-
nificantly different.

When dietary Mn was low, a different pattern of Mn retention was
observed. Absorption of Mn was only increased sevenfold by high-linoleic
safflower oil (as compared to stearate), but there was significantly greater
tissue/organ retention of Mn in safflower-fed animals. Likewise, long-
term-fed animals (Experiment II) that consumed diets enriched in high-
linoleic safflower oil also had significantly increased Mn concentrations in
several organs and significantly increased MnSOD activity in the heart.
The discrepancy in results between animals fed low Mn and animals fed
high Mn could be evidence for distinct metabolic pathways dependent on
the amount of Mn available. Chua et al. (26) reported high-affinity and
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low-affinity uptake of Mn by erythrocytes, and the high-affinity process
only occurred in a low-ionic-strength medium. Kies (27) reviewed factors
affecting Mn absorption and concluded that active transport is the primary
method when dietary Mn is low and passive diffusion is more important
at higher levels of dietary Mn.

The effect of dietary fat type on Mn absorption is more difficult to
explain. It is possible that stearic acid inhibited Mn absorption by render-
ing it insoluble or by chelating it. However, the initial steeply declining
portion of the WBC curve (d 1–3) represents elimination of unabsorbed Mn
from the gut tract. If Mn were rendered insoluble, then the gut rate of the
passage of 54Mn should increase and, consequently, this portion of the
curve should change. Although this portion of the curve was significantly
steeper when the mean values of stearic-acid-fed animals were compared
to mean values of safflower-oil-fed animals, the slopes were identical in
animals fed stearic acid/low Mn and in animals fed safflower oil/high
Mn, whereas percent absorption was greatly different (3.8% vs 27.3% for
stearate and safflower oil, respectively).

Another possibility is that Mn absorption is determined largely by Fe
absorption, and stearate had a direct effect on Fe absorption. Johnson et al.
(28) studied Fe absorption in moderately anemic rats fed diets enriched in
safflower or coconut oil. Iron absorption was improved from 79% in saf-
flower oil diets to 87% in the coconut oil diet. Johnson et al. (16) reported
increases of 168% in hemoglobin concentration, 159% in plasma Fe, and
129% in liver Fe concentration in animals fed 20% stearic acid and 2% saf-
flower oil as compared to 22% safflower oil. Droke and Lukaski (17) also
found rats fed diets enriched in cocoa butter or beef tallow showed a 13%
enhancement of Fe absorption over that of rats fed safflower oil. (The pres-
ent data support these previous observations, as apparent absorption of Fe
was enhanced in animals fed stearate and long-term feeding of stearate-
rich diets significantly increased hemoglobin and Fe concentrations in
liver and kidney.)

The enhanced absorption of Fe by stearate then resulted in an inhibi-
tion of Mn absorption. The absorptive interaction between Mn and Fe may
have a biochemical basis with the recent characterization of a putative Fe
transport protein, DCT1 (Nramp2), that may be responsible for the absorp-
tion of Fe and other trace elements, including Mn (29). However, the oppo-
site effects of fat type on Mn and Fe absorption are difficult to explain and
require further experimentation.

Weigand et al. (30) reported that the apparent absorption of Mn by
weanling rats was not affected by dietary Mn concentration, but true
absorption, calculated after taking endogenous excretion into account,
varied significantly from 5.4% (animals fed 100 µg Mn/g diet) to 25.7%
(animals fed 1.5 µg Mn/g diet). In the present study, although rats fed
the high-linoleic safflower oil diet consistently absorbed more Mn than
rats fed stearate and although rats fed the low-Mn diet consistently had
depressed organ/tissue Mn concentrations when stearate was the fat
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source, paradoxically tissue and organ concentrations of Mn were unaf-
fected by dietary fat type when dietary Mn was high. This seeming par-
adox may be explained by changes in endogenous excretion. When
dietary Mn was high, animals fed stearate may have compensated for the
increased absorption by increasing biological half-life (i.e., increasing the
rate of endogenous excretion), but when dietary Mn was low an increase
in biological half-life was insufficient to overcome the inhibition of
absorption by stearate which resulted in lower tissue concentrations of
Mn.

In summary, we have demonstrated that a greater percentage of
dietary Mn is absorbed when high-linoleic safflower oil, as compared to
stearate, is used as a dietary fat source. Differences in absorption do not
always result in differences in tissue retention of Mn, because biological
half-life changes increase or decrease the endogenous excretion of
absorbed Mn. Although there are several possible biochemical bases for
this interaction, none can be proven or disproven at the present time.
However, these data do add to the body of evidence that factors that affect
Fe absorption also affect Mn absorption.
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